The spark plasma sintered in situ TiB reinforced titanium metal matrix composite was investigated by EBSD and TEM. The sintered composite consists of 30.8% -Ti phase, 55.7% -Ti phase and 12.9% in situ TiB reinforcements. Most of the TiB whiskers distributed along phase boundaries between -Ti and -Ti, others located within -Ti and -Ti grains. Some -Ti grains with parallel TiB whiskers were observed in the orientation imaging micrograph (OIM). The TiB grows along [010] direction and forms whisker with a hexagonal cross-section. The [010] direction of paralleled TiB whiskers is parallel to [111] direction of cubic -Ti. High density stacking faults are formed in ð100Þ TiB planes to minimizing the lattice mismatch between TiB and the Ti matrix.
Introduction
Considerable attention has been paid to improving the mechanical properties of titanium alloy with in situ synthesized reinforcements for possible future automotive and aerospace applications. 1, 2) These materials are expected to be used in automotive industry because of their improved strength, abrasion resistance, and relatively low cost compared with other titanium metal matrix composites. Among many possible reinforcement compounds for titanium metal matrix composites (TMCs), TiB is the most promising because of its thermodynamically stable in titanium alloys even at high temperature and easy to be obtained by in situ synthesis method. 3, 4) Since the mechanical properties of composites are greatly influenced by the size of the reinforcements and the interface structure between the reinforcements and the matrix, it is necessary to investigate the microstructure of in situ synthesized TiB whisker and the interface structure between the TiB and the Ti matrix.
Structural characterization of in situ TiB and the interface of TiB/Ti have been investigated by scanning electron microscope (SEM) and transmission electron microscope (TEM). 5, 6) These methods can provide information about the grain boundaries (GBs), the distribution of TiB whiskers and the orientation relationship between TiB and the titanium matrix. However, these works invalue a lot of time and labor, and the preparation of the TEM sample is difficult. The recent emergence of automated electron backscattered diffraction (EBSD) technique has made it possible to make mesoscale observations that are statistical in nature and complement the detailed TEM or SEM observations. An OIM (orientation imaging micrograph) can be obtained by imaging based on the crystal orientation. By this new technique, the statistic of the GBs, distribution of TiB whiskers and orientation relationships between TiB and titanium matrix that is usually implemented only in TEM can be carried out in SEM. 7, 8) In this study, this analysis method was used to the spark plasma sintered in situ TiB reinforced titanium metal matrix composite.
Experimental
TiB 2 powder with the mean particle size of about 5 mm, together with Ti and Fe-65Mo (mass%) powders with the mean size of about 74 mm, were used in this experiment. The nominal composition of the composite is 10 vol%TiB/Ti-4.0Fe-7.3Mo (mass%). Mechanical alloying (MA) was performed with a planetary ball mill, and then the milled powders were spark plasma sintered at 1273 K for 5 minutes with a pressure of 20 MPa in a vacuum. The specimens were cut by electron discharge and mechanically polished, followed by an electrolytic polishing to remove the deformed surface layer and produce a smooth surface. The observation sections were conducted on the shaded area shown in Fig. 1 . The microstructure was investigated by electron backscattered pattern (EBSP) using a LEO1530 thermal field emission gun scanning electron microscope. The characteristics of GBs, the distribution of TiB phase and the possible orientation relationship between TiB and Ti matrix were studied using the CHANNEL 5 software for automated recognition and indexing of EBSP. TEM samples were mechanically polished to 30 mm with SiC abrasive papers, and then thinned by argon ion thinning with an incident angle of 10 degree until perforation occurred. TEM analyses were performed on a Philips CM12 and JEM-2010F transmission electron microscope operated at 120 kV and 200 kV, respectively.
Results and Discussion

XRD analysis
The XRD spectrum of the spark plasma sintered composite is shown in Fig. 2 . Diffraction peaks of TiB, -Ti and -Ti are also present in Fig. 2 , and no peak of TiB 2 is detected, indicating that the in situ reaction between TiB 2 and Ti is complete as designed. Meanwhile, the composite matrix consists of -Ti and -Ti phase. The matrix of pre-designed composite (Ti-4.0Fe-7.3Mo) is meta-stable -Ti alloy. 9) Fe and Mo atoms diffuse into titanium and form a body centered cubic (bcc) solid solution during the SPS process. As the composite was sintered at 1273 K for only 5 minutes, the sintering temperature was far below the melting point of titanium, the diffusion rates of Fe and Mo atoms into titanium matrix are very slow and consequently some areas of titanium free from Fe and Mo atoms were maintained after the composite was cooled down to room temperature. Therefore, -Ti phase was maintained in the final production. The microstructure of the matrix is bimodal, i.e. -Ti is maintained in the transformed -Ti matrix.
EBSD investigation
An OIM can be obtained by imaging according to the crystal orientation. Euler space is an orientation space defined by the three Euler angles. Euler coloring is used in OIM mapping to transform an orientation (' 1 , È, ' 2 ) to an RGB color (Red, Green, Blue). This is done by using the following formulae: Figure 3 is the OIM taken from the surface (as shown in Fig. 1 ). The accelerating voltage of SEM is 10 kV and a step of acquisition is 0.15 mm, and the maximum resolution of the orientation maps obtained with this equipment is estimated to be about 0.1 mm. The area of acquisition is 45 mm Â 18:75 mm, and there are totally 37500 points. The white points in the OIM are the zero-solutions, which could not be indexed by EBSP. In the OIM, every color represents a kind of crystal orientation in the Euler space. It shows that all these grains are equiaxed, having a grain size of less than 6 mm. The grains do not show any preferred crystallographic orientation.
A map of phase distribution is shown in Fig. 4 (a), the -Ti phase corresponds to red color, the -Ti phase to blue and the TiB reinforcements to yellow. The grain boundaries (>10 ) in -Ti phase (or -Ti phase) are shown as silver lines. As shown in Fig. 4(b) , the diameters of -Ti grains are less than 6 mm, about 83.2% of them are less than 1 mm and only about 4.5% of them are greater than 2 mm. The average diameter of -Ti grains is smaller than that of -Ti grains. The largest diameter of -Ti grain is less than 3 mm, and more than 95.8% of -Ti grains are less than 1 mm in diameter, as shown in Fig. 4(c) . The grain size of the SPSed Ti-4.0Fe-7.3Mo matrix is small than that of hot isostatic pressed TiB/Ti-6Al-4V composites.
5) The fractions of -Ti, -Ti and TiB phases are 30.8%, 55.7% and 12.9%, respectively. 0.6% bad points in the OIM could not be indexed by EBSD. The fraction of TiB phase is a little higher than that of pre-designed composition (10 vol%), it may be due to the error of the used method in this study. On the other hand, the fluctuation of TiB distribution in the matrix could lead to the fraction deviation from the designed value.
As shown in Fig. 4(a) , a lot of TiB whiskers distribute along phase boundaries between -Ti and -Ti, or grain boundaries in -Ti and -Ti. In particular, the TiB whiskers distributing along the -Ti/-Ti phase boundaries are much larger than that along the grain boundaries in -Ti or -Ti phase. A small amount of TiB whiskers locates within -Ti and -Ti grains. The diffusion rate of B atoms along these boundaries is faster than that in grains. The growth of TiB whiskers into -Ti or -Ti phases were restrained by the crystal lattice, and only those TiB growing with a special orientation can grow into these phases. So, after the in situ TiB is nucleated in -Ti and -Ti grain boundaries or phase boundaries. TiB has a B27 crystal structure and the planes with a higher density of strong bonds tend to grow at a high rate. The TiB grows along [010] direction to develops a needle-shaped morphology. 6, 10) Thus, a standard texture analysis of TiB on a composite cross-section of known orientation allows for the identification of the whisker orientation with respect to macroscopic specimen dimensions and the orientation relationship between the TiB and the composite matrix.
11) The ideal orientation of TiB is defined according to fiber textures as follows: the crystallographic direction [010] of TiB is parallel to Z axis (shown in Fig. 1) . So, we can investigate the orientations of the TiB whiskers according to the defined ideal orientation. Figure 5 shows the pole plot of h010i TiB . It reveals the distribution of poles as a function of the angle away from a chosen pole. These show the strength of the clustering of poles relative to that from a random distribution. The multiples of uniform density (M.U.D.) are higher when the angle away from [010] pole is less than 5 degree. The applied of pressure during the sintering process possibly led to the preferential distribution of the axis of TiB whiskers perpendicular to the applied pressure direction.
It has been reported that there are orientation relationships between the in situ fine TiB grains and the -Ti or -Ti matrix.
6,12,13) Li et al. 13) reported that there are three types of specific orientation relationships between TiB and -Ti in reactive hot-pressed TiB w /Ti-6Al-4V composite, i.e. 1. ð100Þ TiB k ð100Þ -Ti , ½010 TiB k ½010 -Ti ; 2. ð100Þ TiB k ð110Þ -Ti , ½010 TiB k ½001 -Ti and 3. ð100Þ TiB k ð11 " 2 2Þ -Ti , ½010 TiB ½111 -Ti . On the other hand, there is a unique orientation relationship between TiB and -Ti: ð001Þ TiB k ð001Þ -Ti , ½010 TiB k ½110 -Ti .
13) It was found that the TiB whiskers grow in parallel each other with specific crystallographic directions within a single grain of the parent Ti matrix. 14) So, these in situ TiB whiskers in -Ti grains were investigated point by point. Several TiB points with the same crystal orientation were found within single -Ti grain. Some of these -Ti grains and TiB points are marked in Fig. 3 and Fig. 6 , and the corresponding orientation record data of TiB and the adjacent titanium matrix are listed in Table 1 . The Miller directions [010] of TiB whiskers with the same Euler angles are parallel. For the grain A and C to E, only one group of parallel TiB whiskers are observed, but these groups are different in spatial orientation. While, two groups of parallel TiB whiskers with different crystal orientations are presented in the grain B. So, it can be deduced that the formation of parallel TiB is related to the growing mechanism of in situ TiB in -Ti matrix.
Microstructural characterization of in situ TiB
Microstructure of synthesized TiB whiskers was characterized using TEM. Figures 7(a) and (d) show the TEM images of TiB in a -Ti grain at the direction parallel and perpendicular to its whisker axis, respectively. 
and ð10 " 1 1Þ, which are close-packed planes. So, the zone axis is always the [010] direction when all of the three planes become projected lines in bright field image of TEM. These TiB whiskers in -Ti grains were also investigated by TEM technique, as shown in Fig. 8 . Many -Ti grains with several paralleled TiB whiskers were observed. Typical TEM image of paralleled TiB whiskers is shown in Fig. 8(a) . The SAD pattern and indexed results are shown in Figs. 8(b) and (c), respectively. In all cases, the zone axis of -Ti is [111] direction, which is parallel to [010] direction of TiB whiskers. The lattice mismatch between TiB and the Ti matrix makes an influence on the crystallographic relationships. The in situ synthesized TiB is prone to nucleate and grow along the lattice-matched planes in order to minimize the lattice strain at the interface between TiB and the -Ti matrix. It has been reported that the (110) plane of -Ti is likely to grow simultaneously with the (001) plane of TiB.
4)
The inter-planar distances of the ð001Þ TiB plane and the ð101Þ -Ti plane are 0.4560 nm and 0.2338 nm, respectively. Since the inter-planar distance of the ð001Þ TiB plane is nearly twice as large as that of the ð101Þ -Ti plane, the lattice mismatch between inter-planar distances is 2.52%. As shown in Fig. 9 , if the ð001Þ TiB plane is assumed to be parallel to ð101Þ -Ti plane, the ð100Þ TiB plane is parallel to the ð12 " 1 1Þ -Ti plane. The inter-planar distances of ð100Þ TiB plane and the ð12 " 1 1Þ -Ti plane are 0.612 nm and 0.135 nm, respectively. The lattice mismatch between above inter-planar distances is about 10.2%, which is greater than 2.52%. As shown in Figs. 8(b) and (c), there are three equivalent planes in {101} crystal plane group of cubic lattice system. All their interplanar distances are 0.2338 nm, which have the minimum lattice mismatch with ð001Þ TiB planes. And the probabilities of the ð001Þ TiB planes growing parallel to one of them are equal. There are three equivalent orientations of the parallel TiB whiskers in a -Ti grain when ½010 TiB k ½111 -Ti and ð001Þ TiB k ð101Þ -Ti . So, in this study, the TiB whiskers with the same crystal orientation in single grain were observed by EBSD, the in situ TiB is likely to grow along the [010] direction which parallels to [111] direction of cubic lattice of -Ti phase. Mass stacking faults were also observed within TiB grains, as shown in Fig. 10(a). Figures 10(b) and (c) indicate the stacking faults formed in the (100) plane in TiB. As discussed above, the lattice mismatch between the (100) plane of TiB and the ð12 " 1 1Þ plane of Ti matrix is higher, the formed stacking faults in the (100) plane could minimize the lattice strain between (100) plane of TiB and the -Ti matrix. The growth direction of the paralleled TiB whiskers parallels to the [111] of -Ti matrix. The formation of the stacking faults in the (100) plane is related to the crystal structure of the TiB to minimize the lattice mismatch between TiB and the titanium matrix.
Conclusions
In present work, spark plasma sintered in situ TiB reinforced titanium metal matrix composite (10 vol%TiB/ Ti-4.0Fe-7.3Mo) was investigated by EBSD and TEM technique. The following conclusions were drawn: The composite matrix consists of two kinds of phases: -Ti 
